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INTRODUCTION 
It has long been recognized that various foreign particles of submicroscopic 
size are extracted from extr~elluiar fluid and stored within the cytoplasm of 
special tissue cells. The cells are known collectively as the reticnlo-endothelial 
system, and the process has been called  colloidopexy  or  ultraphagocytosis. 
Early studies of this reaction utilized supravital staining by basic cofioidal dyes 
(Evans and Schulmann, 1914).  More recently  interest  has developed in the 
rates  at  which  injected  colloids  disappear  from  blood  ph~aa and  accumulate in 
the  fiver,  spleen, and  bone  marrow  (e.g.,  Gersh, 1938; Jones  el  a/., 
1944;  Sheppard el  a/.,  1947  a, 1951;  Dobson d a/.,  1949;  Dobson and Jones, 
1952;  Berg,  1951;  Gabrieli,  1951;  Barrow d a/.,  1951).  Closely  related  to  these 
experiments  are  data on the tissue  distribution  of  injected  metal salts  which 
hydrolyze  in  contact  with  body  fluids  to  produce  colloidal  sols  in vivo.  Recently 
Ganz  el  a/.  (1955)  have  begun to  explore  the  uptake  of  colloidal  gold  by  blood 
cells  in titro.  However, no definitive  study of the mechanism of ultraphago- 
cytosis has  been reported.  There is no  assurance  that  uitraphagocytosis is 
equivalent to the phagocytosis of microscopic part.ides,  because neutrophilic 
leucocytes, for example, exhibit only the latter reaction. 
Closely related to the cells in reticnlo-endothelial tissues  are inflammatory 
macrophages. The latter can be obtained in large quantities from the peritoneal 
cavity of rabbits, and the isolated ceils can be tested in ~ro under carefully 
controlled conditions.  Colloidal gold is an appropriate test suspension  because 
it has proved stable in biological fluids with respect to agglutination. After 
incubating gold and macrophages/n ~,o, the interaction has been analyzed 
kinetically. Based on these rate data, a hypothesis concerning the mechanism 
of ultraphagocytosis is presented. 
* This paper is based on work performed under contract with the United States 
Atomic Energy Commission at The University of Rochester Atomic Energy Project, 
Rochester, New York. 
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Mdhods and Materials 
Produdion of Call  Suapemion*.--To  obtain  mononuclcar  cells,  sterile  peritoneal 
exudates were produced in rabbits by modifications of the method of Gay and Clark 
(1926).  10 per cent solutions of gum acacia in 0.1 ~t NaC1 were adjusted with NaOH 
to pH 7.4 (glass electrode), filtered through surgical gauze, and boiled. Each rabbit 
was injected intraperitoneally with 150 ml. of this solution twice, at an interval of 4 
days. 4 days after the second injection, 50 to 200 ml. of a cloudy straw colored fluid 
could usually be aspirated by means of a  blunt  15-gange needle with multiple per- 
rotations in the stem and a  silicone-coated syringe (GE dri-film 9987). To minimize 
agglutination  of  the  cells  and  to  prevent  fibrin  formation,  the  exudate  was  im- 
mediately chilled  and  mixed with a  small amount of a  calcinm-complexing agent. 
For this purpose  15  ml.  of sodium bexametsphosphatc  (2.5  gin./100  ml.)  for each 
100 ml. of exudate proved satisfactory. The suspension was then centrifuged gently 
in an angle centrifuge  equipped with large silicone-coated bottles.  Although  yields 
were highly  variable, one or more milliliters  of cells  were generally Obtained.  For 
many  experiments  it  was  necessary  to  pool  the  cells  from  several  rabbits.  With 
satisfactory  exudates  the  centrifuged  cells  could  be  readily  resuspended  in  cold 
isotonic NaC1 by gentle stirring.  A few remaining clumps of cells were removed by 
filtering through several layers of surgical gauze. The suspension was fractionated by 
gravity sedimentation  at 5°C.  to remove small mononuclear  cells, red blood  cells, 
and  cellular  debris.  The cell concentration  was measured  in a  hemocytometer and 
the  final  concentration  was adjusted  by appropriate  dilution  with  isotonic  saline. 
The suspension was used immediately or stored overnight at 5°C. 
Several batches of commercial gum acacia proved unsatisfactory because the re- 
sulting  exudates  were  grossly  hemorrhagic  and  fibrinous  and  because  the  mono- 
nuclear  cells were unusually  sticky. In contrast highly purified  acacia  (u.s.v.)  did 
not  yield  cells  in  sufficient numbers.  Since  no  commercial  source  of  consistently 
Satisfactory material was discovered, each supply had  to be evaluated  empirically. 
Gum acacia, however, was more satisfactory in our experience than mineral oil  or 
any  other  irritant  tested,  but  difficulties  in  producing  usable  exudates  severely 
limited the scope of this study. 
The cells of processed suspensions,  called peritoneal macrophages in  this  report, 
were  almost  exclusively  large  mononuclear  ceils.  In  14  exudates  the  mean  cell 
volume, as measured by centrifugal packing, averaged 2100 cubic microns (standard 
deviation  530).  By  supravital  staining,  many  of  the  morphological  characteristics 
described  by Sabin,  Doan,  and  Forkner  (1930)  could  be recognized  in  these  cells. 
Before use, an aliquot of each cell suspension was exposed to dilute eosin Y  (1:2000 
in diluted  buffered serum at pH 7.4).  After incubation  for 1 minute the percentage 
of eosin-stained cell was determined; these cells were presumably dead (Schrek, 1936, 
1946).  By using this criterion,  t it was concluded that the results reported here were 
not  significantly  conditioned  by  progressive  injury  to  the  cell  population  during 
these experiments. The relatively high resistance of macrophages to ionizing radia- 
tion has been noted previously (Goldie and Hahn, 1950). 
1 As noted by Tullis (1953),  however, staining reactions are among the least sensi- 
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Exudative polymorphonuclear leucocytes were  obtained from rabbits by washing 
the peritoneal surfaces  with saline 12 to 24 hours after the intraperitoneal injection 
of 3 per cent soluble starch (100 ml.). These cells, which were  predominantly of the 
heterophilic series  (pseudoeosinophils  in the rabbit), were  young cells with little or 
no segmentation of their nuclei (Ponder and MacCleod, 1938). 
Methods of Incubation.--To  a  concentrated solution of radioactive gold in 0.15  M 
NaC1,  CO2-free rabbit serum (Warren, 1944) and sodium phosphate buffer (0.10 ~, 
pH 7.4) were added. Into this mixture a concentrated suspension of macrophages in 
cold isotonic saline was introduced just before  incubation. The final suspension fluid 
consisted of  10 per cent (by volume) phosphate buffer, 20 per cent serum, and 70 
per cent isotonic saline. 
Two  methods  of  incubation were  studied,  namely a  watch  glass  technic and  a 
rotating tube technic. In the  latter,  which proved  to  be less  satisfactory,  the  sus- 
pension was  incubated  in  silicone-coated  tubes  or  syringes,  with  or  without  en- 
trapped  bubbles of  air;  the  tubes were  placed on a  motor  driven rotor  (8 R.P.M.) 
within an air incubator. In the  watch  glass  technic, equal aliquots  (1  ml.)  of  the 
freshly mixed suspension were pipetted into Syracuse watch glasses,  which had been 
previously brought to incubator temperature. The watch glasses, which were stacked 
and sealed with vaseline to prevent evaporation, were incubated without agitation in 
a  temperature-controlled oven.  Periodically a  watch  glass  was  removed  from  the 
incubator for analysis, and its contents were gently stirred. The cell suspension was 
promptly centrifuged for  1 minute at  1500 G  in a  small angle centrifuge (Servall 
type  A),  and  the  supernatant fluid was  removed for  radioassay.  This  centrifugal 
force was shown to be far too small to remove radioactivity in the absence of cells. 
Methods  of Analysis.--Sterfle  concentrated sols of metallic gold  labelled with the 
radioisotope Au  198 were  purchased from Abbott Laboratories, North  Chicago.  This 
colloid, prepared by using ascorbic acid as a reducing agent according to the method 
of Sheppard,  Goodell,  and Hahn  (1947 b), contained small amounts of gelatin as a 
stabilizing agent.  Non-radioactive sols  were  prepared  by  holding  the  radioactive 
samples until their disintegration rates were negligible. In order to detect any stock 
solution in which the gold was aggregating or precipitating because of  age  or con- 
tamination, the spectral light absorption of each sol was  measured periodically in a 
Beckman DU spectrophotometer. On dilution optical density proved to be approxi- 
mately proportional to concentration (at wave lengths between 400  and 575  milli- 
microns). 
For  radioassay  small aliquots of  cell-free  solution were  pipetted  into aluminum 
planchets, moistened with a surface-active agent (Joy  ®)  to promote even spreading. 
After drying the beta activity was assayed by a thii~ window GM tube. Two planch- 
ets were prepared from each sample; these duplicate preparations seldom differed  in 
count by more  than  2  per  cent.  All counts were  corrected  for  radiodecay but no 
correction proved to be necessary for self-absorption. 
To  establish a  series  of  gold  concentrations in each  experiment, a  single radio- 
active  preparation  was  employed  in  appropriate  dilutions,  or  a  small  constant 
quantity of radiocolloid  was mixed with varying amounts of carrier (an inactive gold 
sol).  For  many reasons  the  second  technic was  more  convenient, but  it  must be 
admitted that one sol is not necessarily a valid tag for another, in spite of the high 628  UPTAKE  OF RADIOCOLLOIDS  BY  MACROPtIAGES 
degree of uniformity of  these preparations. To show  that cells failed to  distinguish 
between two gold colloids in the same mixture, the ratio between inactive and radio- 
active sol was varied. In several dozen samples of suspension fluid, from which the 
cells were  removed  after  incubation,  losses of  radioactivity were  consistently pro- 
portional to decrements in total gold, in so far as the latter was correctly estimated 
by color intensity. 
In this report most data are expressed in micrograms of gold per milliliter of cell- 
free  solution.  The  values  were  derived  from  the  radioassays described above  and 
from  the known  specific actMty of  the  gold at  the  beginning of  each  experiment. 
FIG.  1.  Electron microphotograph of colloidal gold. 
The latter was  obtained by comparing the  beta activity of standard solutions with 
their  measured  content  of  chemical  gold  (analysis  by  emission  spectroscopy). Al- 
though absolute values so obtained were reliable only within  =t=10 per cent,  relative 
values within each experiment were subject only to the small error of the radioassay. 
RESULTS 
I.  Observations  on  the  Colloidal  Gold 
Samples  were  prepared  for  electron  microscopy  by  allowing  concentrated 
gold sols to  adsorb on  collodion-coated screens.  One of the  three  sots investi- 
gated is seen in Fig. 1. Although most particles are judged to be almost circular 
(presumably  spherical),  an  occasional  particle  appears  to  have  a  fiat  facet. ~OB~RT z.  GOSSELm  629 
Many octahedral particles were detected by Borries and Kausche (1940)  in 
electron pictures of a  coarse gold sol of unknown origin,  but Turkevich  and 
Hillier (1949)  have shown that in sols prepared by all standard methods the 
gold particles are usually spherical. 
The diameters of 300 to 500 particles were measured on magnified images of 
these photographic plates.  In each of three sols,  the logarithms of these di- 
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The parameters  D, and D, were calculated from 30 classes (in which each line was 
arbitrarily divided) by usk ~ the following formulae:-- 
in which w~ and d~ represent the relative frequency and mean diameter of each class 
respectively. 
ameters showed a  Gaussian distribution, as is seen in Fig. 2. This finding con- 
trasts with that of Borries and Kausche (1940), in whose sol the diameters were 
normally distributed. Although the dispersion in size seen in Fig, 2 is not large, 
gold colloids of more uniform diameter have  been  prepared  (Turkevich  and 
Hillier,  1949),  Three parameters have been calculated from each of the dis- 
tribution  curves in  Fig.  2:  a  count-median  diameter  (Dot),  a  volume-mean 
diameter (D,), and a surface area-mean diameter (D=). From each D= a mean 
sudace area was calculated on the assumption that the particles were spherical; 
similarly each D, yielded a mean particle volume. The latter was transformed 630  UPTAKE  OF  RADIOCOLLOIDS  BY  MACROPHAGES 
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Fzo.  3.  Section  a  (above)  represents  the  light  absorption  spectrum of  colloidal 
gold  in  cell-free  suspension  fluid  (serum-phosphate-saline)  after various periods  of 
incubation in the presence of macrophages (t  ~  time in hours). In each instance the 
optical blank consisted  of suspension  fluid incubated with cells but without gold. 
Section  b  (below)  represents the  color  of macrophages separated from the  same 
incubations,  after the cells were washed and cytolyzed in distilled  water. Each opti- 
cal blank here was a solution of lysed cells from an incubation in the absence of gold. 
into  a  mean  mass  by assuming  that  each  gold  particle  possessed  the  same 
density (19.3) as ponderable amounts of this metal. In the three sols of Fig. 2, 
particles of average mass weighed 5.5, 9.5, and 12.5 X  10-~#g. 
The possibility  exists  that  colloidal  particles  of certain  sizes within  these 
populations were more readily phagocytized than others. For several technical ROBERT  E. GOSSELm  631 
reasons this hypothesis could not be satisfactorily tested by electron microscopy. 
The hght absorption  spectrum,  however,  has been measured on dilute sols 
before and after their incubation with macrophages. All commercial samples 
of colloidal gold were found to possess similar spectra with a rounded maximum 
at 525  millimicrons. As seen in Fig. 3 a,  the removal of part of the gold by 
macrophages  reduced  the  optical  density of  the  cell-free  supernatant fluid, 
but it did not modify in the gross the shape of the absorption curve.  2 Selective 
phagocytosis,  however,  might  have  distorted  the  particle  size  distribution 
without a  corresponding change in light absorption, because gold sols  differ 
little in color when the particle diameters lie between 1 and 50 millimicrons, 
"provided that growth has been normal, and the particles have not formed by 
the union of two or more othersas in coagulation" (Zsigmondy, 1917). With the 
sols used here, color was probably too insensitive to particle size distribution 
to employ as evidence for or against selective phagocytosis. 
H.  General Observations  in the Uptake of Gold 
In low concentrations of gold colloid (e.g., less than 1 ~g./ml.), macrophages 
removed gold rapidly during the first several minutes and slowly thereafter; 
with intermediate and high concentrations of gold, no abrupt change in the 
rate of uptake was observed. At all concentrations the reaction required viable 
cells. With heat-killed macrophages (exposure to 70°C. until all cells could be 
stained with eosin), no gold disappeared from the supernatant fluid even during 
long periods of incubation. With living macrophages the reaction was never 
followed to  completion, but in a  few instances 95  per cent of the gold was 
removed by cells during the observation period. Because a  typical suspension 
was only 2.5 per cent cells by volume, a 90 per cent extraction means that the 
average concentration of gold in cells was 350 times greater than in suspension 
fluid. In spite of this concentration ratio, these cells were still extracting gold 
at the end of the observation period. By reincubating cells  containing large 
amounts of radlocolloid in gold-free media (isotonic saline or serum-phosphate- 
When a gold sol was diluted only, the decrement in optical density proved to be 
the same percentagewise at all wave lengths between 400 and 575 m#. This was not 
strictly true, however, when the reduction in color was due to the removal of gold 
by phagocytosis. In Fig. 3 a, it can be shown tlmt the optical density fell slightly 
but significantly faster at 525 m# than elsewhere; i.e., the peak became flatter.  For 
example, the fractional  decrement in the optical density at 525 In# averaged 6 per 
cent more  than that at 450. This minor  distinction  between  simple dilution  and 
removal by phagocytosis was observed in 6 out of 6 trials. Even in the absence of 
cells, however, when dilute sols were allowed to age for several days, spontaneous 
reduction  in color was occasionally accompanied by a  flattening of the absorption 
peak at 525 In#. Although these phenomena may be related to changes in particle 
size,  any interpretation must  await  more  theoretical  and  empirical  information 
about the cause of color in gold sols generally. 632  UPTAKE  O]~ RADIOCOLLOIDS BY MACROPHAGES 
saline),  this uptake  was shown to be essentially irreversible.  As noted later, 
however, this irreversibility is not complete because some gold can usually be 
recovered without injury to the cells. Under most circumstances this removable 
gold is a negligible fraction of the total (see section III). 
During the accumulation of colloidal gold, macrophages became supravitally 
stained.  In contrast  to the red color of the gold sol in supernatant  fluid,  the 
centrifugally packed cells looked purple or blue, sometimes as dark as blue ink. 
Because cells frequently agglutinated during long incubations at 37"C., reliable 
color measurements  by spectrophotometry  were impossible with  cell suspen- 
sions. After an incubation,  therefore, macrophages  were separated from gold 
in the suspension fluid (serum-phosphate-saline),  washed with a  large volume 
of isotonic saline, and finally cytolyzed by shaking in distilled water; the volume 
of the final opalescent solution was made equal to that of the original suspension. 
A control solution was prepared from an equal number of cells which had been 
incubated for an equal period of time in the absence of gold; this control solu- 
tion of lysed cells served as a blank in the spectrophotometer. As seenin Fig. 3 b, 
cells could be washed completely free of color, relative to control cells, if the 
washing  occurred  within  a  few minutes  after  cells and  gold sol were mixed 
(t =  0 hours). The longer the incubation the more intense was the color of the 
cells. Because it is highly improbable that gold caused cells to manufacture a 
colored  metabollte,  colloidal  gold  itself  was  presumably  responsible for the 
absorption spectra in Fig. 3 b. These spectra, however, are significantly different 
from that of the original gold sol or of the gold which remained in the super- 
natant fluid when the cells were removed (Fig. 3 a). As judged by the solution 
of lysed cells, gold within cells exhibited a broader absorption peak than  the 
original  sol; absorption was particularly  enhanced  at long wave lengths,  and 
there was a  small but apparently progressive  shift  in  the  maximum  toward 
the red end of the spectrum (Fig. 3 b). In Fig. 4 lysed cells and suspension fluid 
from another experiment are compared; in this instance the cell curve suggests a 
second absorption peak developing near 600 millimicrons. 
Whatever the ultimate explanation for the various colors of colloidal gold, it 
has long been recognized that a  color shift toward a  blue (or black) hue is a 
very sensitive indication that any gold sol has become coagulated (Zsigmondy, 
1917). This index is said to be valid regardless of the color or particle size of the 
original  sol. By this criterion macrophages produced no significant agglutina- 
tion  of extracellular  gold  during  long  periods  of incubation  (Fig.  3 a).  The 
absorption curves observed on lysed cells, however, are thought to be consistent 
with  an  incomplete  coagulation  of gold particles  inside  the  cells? These ob- 
3  Although  there is no assurance  that  gold  within  the  intact cell possessed  the 
same  optical  properties  as  it  demonstrated  in  the  cytolyzed suspension,  dilution 
with distilled water is much more likely to deaggregate  a metallic sol than to promote 
coagulation. ROB~aT  E. C,  OSS~-U~  633 
servations do not indicate whether agglutination was an integral part of the 
ingestion process or an effect secondary to intraceUular  storage.  Among the 
intraceUular  factors which might have sponsored agglutination were the high 
cytoplasmic concentration of gold and the relatively low pH (Tullis,  1953). 
Apparently this aggregation of gold was not accompanied by its segregation 
into specific intracellular regions. In an autoradiogram kindly furnished by Dr. 
Leon Weiss, who used macrophages growing on glass, Au  19s activity proved to 
be uniformly distributed  throughout  the  cytoplasm  (while  nuclei had  little 
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Fio. 4. An experiment similar to that in Fig. 3, illustrating the complex color of 
colloidal gold recovered by cytolyzing macrophages. 
if any radiogold).  The end result of this agglutination  is the appearance, in 
conventional histological  preparations,  of irregular black clumps in the cyto- 
plasm of macrophages. These clumps, which are presumably metallic gold, are 
first detectable 24 to 48 hours after exposure to the colloid, according to Goldie 
and Hahn  (1950).  Similar  aggregates of gold have been seen in the Kupffer 
cells of the liver (Barrow et al.,  1951). 
Like macrophages exudative leucocytes were exposed to radioactive colloidal 
gold in serum-phosphate-saline at pH 7.4. On incubating a dense suspension of 
leucocytes (70  X  106/ml.)  with  a  low concentration  of gold  (3  ~g./ml.),  a 
significant  uptake of radioactivity was detected, but the rate was very slow. 
Probably this slow uptake was due solely to the few monocytes and macrophages 634  UPTAKE  OF  RADIOCOLLOIDS  BY  MACROPH.AGES 
which inevitably contaminate populations of leucocytes obtained in this way. 
Although the medium may have been far from optimal, this study suggests that 
the  juvenile  heterophilic  leucocyte is  unable  to  phagocytize colloidal gold. 
Presumably the same is true of the adult  (polymorphonuclear) leucocyte, in 
view of its inability to phagocytize significant amounts of colloidal dyes like 
trypan blue (Foot, 1950). 
FIo.*5 a.  The  removal  of  radioactive  colloidal gold  from  suspension  fluid  by 
macrophages during the course of an incubation  at 37°C. The top curve is the total 
radioactivity extracted  (ca,.~./0.2 ml.),  and the lower curve is that portion which 
appears  to have been held irreversibly  (see text). The initial concentration  in sus- 
pension fluid was 1.0 #g. gold/ml. (16,000 c.P.M./0.2 ml.). 
III. The Reversible and Irreversible Phases 
A  suspension of macrophages  (14.9  X  10e/ml. of serum-phosphate-saline) 
was incubated with radioactive colloidal gold at 37°C.  in a rubber-stoppered, 
silicone-coated tube, which was rotated end over end at a  constant rate. Peri- 
odically an aliquot of the mixture was removed, separated from its cells,  and 
analyzed for gold. The top curve in Fig. 5 a  records the loss of radioactivity 
from the suspension fltfid as a  function of time after mixing cells  and gold. 
Aliquots of the cell suspension were also removed at times a, b, and v (Fig. 5 a), 
and to each was added an equal volume of serum-phosphate-saline containing 
non-radioactive  gold  colloid  (500  ~g./ml.);  these  mixtures  were  incubated ROBERT E.  C,  OSSELIN  035 
separately, and sampled periodically for analysis. When corrected for dilution, 
these analyses demonstrated that, because of their exposure to this high con- 
centration of non-radioactive  gold, the cells surrendered some of the radioactivity 
which they had accumulated. This reverse reaction, represented by the lines 
a to a', b to b', and c to c', ceased within 10 to 15 minutes. No additional radio- 
activity could be  extracted  from intact  cells  by incubating  them  in  either 
serum-phosphate or isotonic saline. By translating points a ~, b  t, and c  t to the 
times at which the reverse reaction began, the lower line in Fig. 5ha was con- 
1~o. 5 b. Another aliquot of the same cell suspension as in Fig. 5 a, exposed to a 
lower concentration  of gold (0.13 #g./ml., 2080 c.p.x¢./0.2 ml.). 
structed; it represents  the  amount of radioactivity irreversibly held by the 
cells. Fig. 5 b illustrates a similar experiment in which cells of the same exudate 
were incubated with a lower concentration of radiocolloid. 
These data illustrate several characteristics of the reaction between macro- 
phages and colloidal gold. The initial rapid uptake represented chiefly, if not 
exclusively,  gold  which  the  cells  readily  surrendered  on  exposure  to  non- 
radioactive colloid, presumably by a process of exchange. Because of the speed 
both of the initial uptake and of its reversal, exchangeable gold is assumed to 
have been bound to the cell  surface; in this discussion it will be called "ad- 
sorbed  gold"  (without  intent  to  imply a  mechanism  for  the  attachment). 
Relative to the concentration in suspension fluid, adsorption was large when 
the concentration of the incubation mixture was low  (of. Figs. 5 a  and 5 b). 536  UPTAKE  OF RADIOCOLLOIDS BY MACROPHAGES 
As the incubation proceeded, the amount of adsorbed gold decreased slowly, 
while the non-exchangeable fraction increased progressively. This irreversibly 
bound gold was presumably within the cells; in this discussion it will be called 
"ingested gold." 
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FIG. 6. The percentage of gold remaining in suspension fluid during the course of 
an incubation  with macrophages  (12.2  X  10  s cells/ml.).  Each curve represents  a 
different  aliquot of  cells exposed to  a  different  starting  concentration  of colloid 
(ao in #g. gold/ml.). 
IV.  Uptake in Relation to Concentration of Gold 
Macrophages  and  four  concentrations of  gold  were  incubated  in  serum- 
phosphate at 37°C.  by the watch glass  technic. The results are represented 
in Fig. 6 by lines which are  sensibly linear (except at the beginning), but the 
slope or pseudo-rate constant appears to be a function of the starting gold con- 
centration (a0). This is clearly not a monomolecular reaction, and conventional 
methods of representation like Fig. 6 are inadequate, if not misleading. 
In Fig.  7,  three experiments are represented by relating concentrations of 
gold in the suspension fluid to simultaneous rates of uptake. The rates are the ROBERT  E.  GOSSELIN  637 
slopes  of tangents  to concentration-time  curves,  constructed  from experiments 
like and including  that  in  Fig.  5. In Fig.  7, those  points  which represent  con- 
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FIG. 7.  The rate of uptake of gold as a function of the simultaneous gold concen- 
tration in suspension fluid. The rate is expressed as the amount of gold ingested in 1 
minute by the macrophages in  1 mL of suspension.  Cells  from three different exu- 
dates are represented.  (In this figure rate of uptake  and v are used  synonymously 
with -#x /#O. 
secutive aliquots  of the  same mixture  are  connected by thin  solid lines;  the 
heavy lines connect only initial rates in each experiment.  ~ Although the rate of 
4 For reasons noted later, "initial"  refers here to the rate and  concentration ob- 
served approximately 30 minutes after mixing. 638  UPTAKE OF RADIOCOLLOIDS BY MACROPHAOES 
uptake in most mixtures decreased in proportion to the decrement in concen- 
tration  of  coUoid,  Fig.  7  demonstrates  that  initial  rates  were  not  propor- 
tional to initial concentrations;  the trend  toward a  plateau is dearly evident 
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at  high  concentrations  of gold.  When  initial  rates and  concentrations  were 
graphed as reciprocals, straight lines were obtained (Fig. 8). 
The  following hypothesis  can be stated  and  shown  to be consistent  with 
these  observations.  The  uptake or phagocytosis of colloidal gold  by macro- 
phages may be described as a  twofold process: first the reversible adsorption 
of  colloid  on  the  cell  surface  and  secondly  the  irreversible  ingestion  or en- 
gulfment of the surface-bound particulates. If the environment is kept constant 
FIG. 8.  The reciprocal of the "initial" rate of ingestion (~)  as a  function of the 
reciprocal of the simultaneous gold concentration  (x) in suspension  fluid.  The data 
are the same as the solid points in Fig. 7. ROBERT  E.  GOSSELIN  639 
(except for the concentration of free colloidal gold), the rate of ingestion at any 
time is proportional to  the amount of gold held on the  cell  surface at that 
moment. The latter, however, varies with the concentration of free colloidal 
gold in the suspension fluid. If the adsorption phase is rapid relative to  the 
ingestion phase,  an adsorption equilibrium is quickly  attained between col- 
loidal gold which is free in the medium and that which is  surface-bound, in 
spite of the fact that ingestion is constantly disturbing this equilibrium. If the 
rate of ingestion is appreciable, however, a true adsorption equilibrium is never 
attained, but the system does reach a  quasi-equilibrium in which the amount 
of  surface-bound gold  can be  related  to  the  simultaneous concentration of 
unattached gold. Enzymologists have recognized that such states can be repre- 
sented by equations like those for adsorption equilibria. The following analy- 
sis, which parallels that found in standard treatises on enzyme kinetics, is pre- 
sented to demonstrate and to emphasize limitations in the derivation, because 
these limitations are important in the current system while they are rarely, 
if ever, of concern to the enzymologist. 
Assume that free colloidal gold (Au) reacts with cell surface loci (R) tool for 
tool to form reversibly a  surface complex  (AuR),  from which the colloid is 
irreversibly transported into the cell (Au*): 
kl  ks 
Au +  R~  AuR-o  Au* +  R 
ks 
If X ffi concentration of free colloidal gold in suspension fluid, y  --  concentra- 
tion  of  surface-bound  gold,  z  ffi  concentration  of  intracelluiar  gold,  and 
L  --  total concentration of cell surface loci (both occupied and unoccupied), 
then by conventional kinetic postuiates.'-- 
a  x ffi  ay  az  (1) 
dt  at  a~ 
a..y ffi  klx(L  --  y)  --  k2y--  d~  (2) 
at  d~ 
dz  -- ffi ksy  (3)  a~ 
From Equations 2 and 3 
a_y ffi ~lx(L -- y) -- y(k2 +  k3)  (4) 
at 
In this system a stage is inevitably reached (after a period of induction) when 
y  attains a  maximum (dy/dt  --  0).  Under  these  circumstances  Equation 4 
can be solved for y. 
Lx  ks +  ks  in which K, ffi ~  (5) 
Y ffi  K,  n  u  x  kx 640  UPTAKE  OF RADIOCOLLOIDS BY MACROPHAGES 
From Equations 1 and 3 
I 
dx)  dz 
--  z  -- 
--  dt  4ylJt-e  dl  ~  kay  (6) 
(  dx)_  •ffi  k~Lx  (7) 
v  z  --dl  ~la~-e  K,+x 
The most convenient form of Equation 7, however, is that of its reciprocal:-- 
I  K.  I  1 
.... +--  (8) 
V  ~max  X  ~mfx 
in which v~= has been substituted for the product of ka and  L  and represents 
the maximal rate of ingestion at an infinite concentration of gold. This formula 
is  familiar  to  the  enzymologist  as  the  Lineweaver-Burk  equation  (1934), 
based on principles first elucidated by Michaelis and  Menton. Although it is 
generally necessary in enzyme studies to substitute the total substrate  concen- 
tration (free and bound) in place of x, a  true measure of x is furnished by the 
method used here. 
Under ideal conditions it has been possible to evaluate aU the quantifies in 
Equations 7 and 8. More often it has proved impractical to define ks and L, 
although their product (vm=,) has been estimated. Instead of molar concentra- 
tions, all quantities in these formulae can be expressed in units of micrograms 
of gold per milliliter of suspension.  By plotting  the reciprocal of rate  (l/v) 
against the reciprocal of concentration (l/x),  as has been done in Fig.  8, K, 
and  v~=  can  be  calculated  from the  slope  and  intercept,  s Table  I  lists  K, 
and Vm~ together with  other parameters  to  be  discussed  later, as  evaluated 
in several different cell suspensions. 
It is obvious that dx/dt was a  measure of the rate of ingestion only while a 
steady state was maintained on the cell surface (i.e., while dy/dt  =  0). There 
is no attempt in this report to analyze rate data during the induction period, 
i.e.,  before adsorption had  reached  this  steady  state.  At  the  moment  when 
the latter was attained,  the rate of ingestion in any suspension  theoretically 
acquired its maximal value.  From the inflection point in  the lower lines  of 
Figs.  5 a  and 5 b, it is estimated that  the period of induction was  15  to  20 
minutes in these incubations; probably it was even longer by the watch glass 
technic. In  this report,  therefore, "initial" rates and  concentrations refer to 
observations made about 30 minutes after mixing cells and gold. 
Several properties of this kinetic system are noteworthy. As is best demon- 
strated by a differential or analogue computer (e.g., Chance, 1943), y reaches a 
6  This graphical  solution is more satisfactory with the Lineweaver-Burk plot than 
with an equivalent graph in the form of the Langmuir adsorption isotherm,  because 
the latter exaggerates the influence of error at high rates of ingestion, where present 
methods of analysis introduce the largest absolute and relative error (see Fig. 6). ROBERT  E.  GOSSELIN  6~1 
broad or sustained maximum when the starting concentration a0 is large,  but 
the peak is sharp and transient when ao is small.  Perhaps because the steady 
states were too brief, Equation 7 has seldom proved satisfactory in describing 
experimental rate data at gold concentrations below 1 #g./ml. Admittedly the 
anomalously low values of dx/dt observed in very dilute sols may have been 
due in part to complications of no biological  significance,  such as inadequate 
dilfusion  of extracelluiar gold or reversible adsorption on glass surfaces. 
Another property of this kinetic system is illustrated by Equation 9, which 
can be derived from 1, 2, and 3 and which is valid in theory at all stages of 
the process: 
dx  ksLx  d,[  k~  ] 
-  a-7  =  x  +  K----] +  ~  1  -  kl(x  +  K~  (9) 
Inspection of Equation 9 reveals that the quantity in brackets approaches a 
minimum as x approaches 0, but even when x  =  0,  the quantity is positive 
[ =  1  k2 +ks ks]" According  to Equation 9, therefore, at any given value of 
x, --dx/dt is large during the period of induction (dy/dt positive), is intermedi- 
ate during the steady state (dy/dt =  0), and is small thereafter (dy/dt negative). 
This conclusion  is in qualitative accord with the data of Fig. 7, in which the 
open circles  (post-steady state rates)  are seen to lie  below the line  defined 
by the solid circles (steady state values). No reliable conclusions  of a quanti- 
tative nature  can be drawn from Equation  9 because the various constants 
cannot be measured properly in the laboratory, but probably the open circles 
in Fig. 7 deviate from the heavy line by much more than the theory predicts. 
The selective phagocytosis of particles of optimal size may have been partly 
responsible  for  these  deviations.  Thus  by gradually  depleting  extracellular 
fluid of the more easily phagocytized material, uptake may have become slower 
than can be explained  by the total gold concentration. 
V. Surface-Bound  Gold and the Specific Rate Constant  of Ingestion 
Many obstacles were encountered in attempts  to measure  the amount of 
gold adsorbed on ceils surface (y) and the rate constant of ingestion (k3). After 
the phase of induction,  the quantity y  was estimated in one of two ways. A 
exude  approximation  was  sometimes  possible from  a  graphical  analysis  of 
the rapid uptake  of gold within  the first few minutes after  the addition  of 
cells.  A  more convincing  estimate  6 was furnished by measuring  the amount 
of radiogold which could be recovered from the cells by an exchange  reaction 
(e.g., Fig 5 a).  In each case y was usually determined only at one concentra- 
tion  (x)  of gold.  From  the rate  of ingestion  (v,)  at  this  concentration,  the 
6In  spite  of the rapidity  of the exchange reaction, it  is probable  that  y  was 
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rate constant k3 was calculated (ks =  v~/y=), and k3 wasthen employed tocalcu- 
late y  at any other v, notably at v~  (at which y  =  L  by definition).  Until 
multiple determinations of y  at several concentrations demonstrate that  k3 is 
a  true  constant for each  cell suspension,  the  theory in section IV cannot be 
considered fully established, z 
Table I  summarizes the  more reliable  observations of k8 and  L,  together 
with K,  and  vm,x, as measured in  several cell suspensions.  Although  experi- 
mental error has not been analyzed in detail,  it cannot account for the wide 
range found in these parameters. Much of the variation from test to test was 
due to real differences among batches of cells,  serum, or gold, of which the cells 
are suspected to have been the principal variable. 
According to Table I, a  typical macrophage ingested each minute about 5 
per cent of the gold adsorbed on its surface  (2,  5,  and  20 per cent in three 
different  suspensions).  As  the  adsorption  capacity  of  the  cell  surface  was 
approached,  this rate amounted  to several thousand  particles every minute. 
Surface saturation apparently required  the average ceil to hold tens of thou- 
sands  of adsorbed  particles  (L),  but  because  of their  small  size,  they must 
have occupied  (i.e.,  shadowed)  less than  1  per cent of the  total area avail- 
able on the cell surface,  s Since the value of L  was certainly not limited by the 
geometry of the cell surface, one must conclude that less than 1 per cent of the 
surface area was chemically suitable to accept gold. Presumably these adsorp- 
tive areas were scattered randomly over the entire cell surface, creating patches 
or "active spots," which  in  this report have already been called loci. There 
is no evidence that all of the loci on any one cell were equivalent in their ca- 
pacity to adsorb gold or to bind it tightly, but it is reasonable to infer from the 
present data that portions of the cell surface between loci possessed no affinity 
for gold. 
In the study of many permeability phenomena, physiologists have found it 
By either technic outlined above, the quantity of surface-bound gold (Y) could 
be measured only when it amounted to at least 5 or 10 per cent of the extraeellular 
gold concentration. Observations were thus limited to situations in which  the con- 
centration of free gold was small or the concentration of cells was large. Bemuse the 
supply of cells was usually inadequate, y was determined only at a low concentration 
of extracellular gold. Here, however, -dx/dt  may have been an inaccurate measure 
of the rate of ingestion  (v), bemuse of the transient nature  of the  surface  steady 
state. Sometimes ~ was estimated simply by extrapolating data like those in Fig. 8 
to that concentration  (x)  at which  y was measured. Bemuse of these multiple ex- 
trapolations, all values of k8 and L, have low reliability. 
8 In  order  to  calculate  this  percentage, L  and  two  other  quantities  had  to  be 
known: the area-mean diameter of gold particles  (D~ in Fig.  2),  and the minimal 
surface area of a  representative cell  (approximately 800 square microns,  according 
to  an  unpublished  analysis of  the  size  distribution  of peritoneal  macrophages in 
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useful to assume that the cell surface is a  chemical mosaic, but the application 
of  this  concept  to  phagocytosis is  thought  to  be  new.  Because  particles of 
colloidal gold are known  to be negatively charged in  the presence of plasma 
protein,  it  is  tempting  to  postulate  that  active  loci on  the  cell  surface  are 
areas of positive zeta potential, in contrast to the  cell's over-all electronega- 
TABLE I 
Parameters Summarizing the Behavior of Different Macropkage Suspensions 
Experi-  Cell 
meat No.  concentration 
per r,d. 
19  1.36  X  107 
22  2.20  X  107 
23  1.49  X  107 
24  1.49  X  107 
25  1.22  X  107 
27  1.88  X  107 
6 
K, 
~x.dlo.td/ 
74 
25 
17 
7.8 
30 
b 
(h)-I 
min. 
64 
20 
5 
c  d  e  I  J 
VmLT  Vm~ 
L  (per mln.)  L  (per rain.) 
~g.  gold/ral,  suspension 
--  0.39 
7  0.11 
3  0.60 
0.23 
0.15 
No. gold particles/cell 
3000 
60,000  950 
16,000  3100 
1400 
630 
Column a--K, is defined by Equation 5 and is essentially the extracellular gold concen 
tration at which the cell surfaces proved to be half saturated with adsorbed gold. In theory 
its value is independent of the cell concentration. 
Column b--The rate constant of ingestion is represented here by its reciprocal, a quan- 
tity conveniently called the turnover time of the average cell surface. In theory its value is 
independent of the cell concentration. 
Columns c and d--The limiting capacity of cell surfaces  to hold adsorbed gold (L) and 
the maximal rate of ingestion (V,~x)  are represented here by values for each millillter of 
the cell suspension as it was actually incubated. Note that, at these cell concentrations, the 
ratio L/K, proved to lie between 0.2 and 0.4. The suspensions were thus operating kinet- 
ieally in a region equivalent to Straus and Goldstein's zone B (1943). 
Columns e and f--Here the values of L and Vmsx have been reduced to a single cell and 
translated from micrograms to numbers of gold particles (by using the mass means in Fig. 
2). Implicit in this transformation is the assumption that during both adsorption and in- 
gestion the cells failed to distinguish between particles of different sizes within each gold 
population. Even if this assumption is invalid, the values are believed to represent correct 
orders of magnitude. 
fivity  (as  inferred  from  electrokinetic studies  on  leucocytes at  this  pH  by 
Abramson eta/.,  1942). An alternative interpretation, however, is permissible; 
namely, that the cell surface is initially homogeneous but that the adsorption 
of a  single gold particle immediately blocks further  adsorption over  a  wide 
neighboring area  on  the  cell surface.  It  is conceivable that  such  a  blockade 
could arise from an electrostatic polarization of the cell surface in the vicinity 
of each gold sphere. The whole phenomenon bears a  superficial resemblance to 
the charging of a  non-ionogenic surface by ions adsorbed from dilute solutions 
(Abramson et a/., 1942). 644  UPTAKE  0]~  RADIOCOLLOIDS  BY MACROPHAGES 
DISCUSSION 
In the hypothesis developed here, a  simple adsorption isotherm adequately 
relates the extracellular gold concentration both to the amount of gold held 
reversibly on the cell surface and to the rate at which this bound gold is ir- 
reversibly moved into the cell. The concept that phagocytosis consists of two 
consecutive processes (adsorption and ingestion)  was regarded by Fenn (1928) 
as unnecessary in explaining  observations with microscopic  particles, but the 
concept is valid and necessary for a kinetic description of the current reaction. 
The present kinetic analysis does not indicate the energy or forces responsible 
for either adsorption or ingestion.  Both stages are temperature-sensitive but 
the rate constant of ingestion does not appear to be markedly so (unpublished 
data).  No  detectable rise  in oxidative  metabolism  accompanies this  uptake 
(unpublished data). It can be assumed tentatively that the initial phase is an 
example of physical or chemical  adsorption and that ingestion  is a wetting or 
coalescence  phenomenon,  as  previously  described  in  the  phagocytosis  of 
microscopic  particulates  (Ponder,  1926, 1928; Feun,  1928). Goldacre's  hy- 
pothesis  (1952)  about the folding  and  unfolding  of  protein  chains  during 
protoplasmic streaming offers an attractive alternative model for the ingestion 
reaction. Even without specific data on mechanism,  the present kinetic analysis 
adequately excludes the participation  of certain phenomena,  notably the re- 
action of pinocytosis. In this process, as observed and named by Lewis (1931), 
rat  macrophages in tissue  culture were observed to  "drink"  like  free living 
ameba; i.e., by the spontaneous and repetitive formation of "food vacuoles" at 
the  cell  surface.  Although  the  phenomenon  has  had  little  study  since  its 
original  description, pinocytosis has occasionally been held responsible for ul- 
traphagocytosis (Hu et al., 1951). The current data are apparently inconsistent 
with this concept. 
The mechanism by which macrophages accumulate colloidal  gold bears at 
least  a  superficial  resemblance  to  three  markedly  different  phenomena,  in 
each of which living cells are penetrated; namely, cell permeability to molecu- 
lar solutes, the parasitism of host cells by virus, and the phagocytosis of mi- 
croscopic particulates.  One obvious difference  among  these three reactions is 
the size of the penetrating unit, and in this regard colloidal gold is allied with 
the smaller  viruses. A comparison between the uptake of gold and other syn- 
thetic sols (including  colloidal  dyes) is not available because no rate data in 
the literature were obtained under well defined  in vitro conditions. For similar 
reasons previous publications on colloidal gold are not pertinent.  For example 
the  relationship  between the  gold  concentration  and  the  rate  of fractional 
removal by perfused liver (Little and Kelly, 1953) is contrary to the current 
experience  with  isolated  macrophages;  progressive  changes  in  the  hepatic 
circulation must be excluded more convincingly before one can accept without ROBERT E.  GOSSELIN  645 
reservation the concept that  the ingestion of gold stimulates further phago- 
cytic activity. 
Some  examples of  cell  permeability to  molecular solutes utilize  a  kinetic 
mechanism which is formally equivalent to that described here. The uptake of 
glucose  by yeast cells  is one example  (Rothstein  et  aL,  1951; Hurwitz and 
Rothstein,  1951). This kinetic pattern  has been associated with the activity 
of enzymes bound to the cell surface,  and  the phenomenon has been called 
"enzymaticaNy  controlled  transport"  (Rosenberg  and  Wilbrandt,  1952).  A 
variant  on  this  kinetic  pattern,  for  which  there  is  no  evidence of  enzyme 
participation,  was described by Irwin (1925) in the uptake of brilliant cresyl 
blue by Nitdla ceils, the similarity being somewhat obscured by the reversi- 
bility of this reaction. A kinetically eqnivalent mechanism may be responsible 
for the "secretory transport" of many diffusible azo dye stuffs across epithelial 
barriers in the amphibian kidney and liver,  if H6ber (1940) is correct in his 
inference  that adsorption on cell surfaces is a necessary initial step. 
With microscopic particulates, rates of penetration  (i.e. phagocytosis) have 
never been shown to be limited by the surface area  of the phagocyte. Ap- 
parently saturation of the cell surface, as shown here by using colloidal gold, 
cannot be attained  or at least cannot  be recognized  when the  particles are 
large  enough  for microscopic visualization.  Ledingham's  observation  (1912) 
that  data on bacterial phagocytosis could be represented by the Freundlich 
adsorption equation has many interpretations.  With wide ranges  in  concen- 
tration,  most bacteriologists have found that  rates of phagocytosis are  not 
proportionally higher the denser the bacterial suspension.  Various explanations 
have been offered. Inadequate opsonization has been suggested (Hanks, 1940), 
but this  factor was clearly inadequate  to  explain  the results  of Ledingham 
(1912) and probably of others. Injury of the phagocytic cell has been postulated 
and ascribed to the action of soluble bacterial toxins in dense bacterial sus- 
pensions  (Wadsworth and Hoppe,  1921). Sometimes spuriously low rates of 
ingestion result from the lysis of phagocytes which have engulfed  large  num- 
bers of bacteria (Krafchuf et al., 1952). For these and other reasons, it is ap- 
parent that a bacterial suspension  is a poor tool for defining the basic kinetics 
of  phagocytosis.  With  relatively  inert  microscopic  particles  (e.g.  quartz, 
carbon),  phagocytosis has been  shown  to  mimic  a  monomolecular  reaction 
(Fenn,  1921 a,  1921 b) without evidence of a  maximal rate as defined in the 
current study. 
The accumulation of gold by macrophages exhibits features which parallel 
the uptake of virus by bacterial cells. Puck et al. (1951) and Garen and Puck 
(1951)  have  demonstrated  an  initial  reversible adsorption  of T-2  phage  on 
the surface of Escherichia toll, presumably due to the specific configuration of 
electrostatic forces on  the interacting  surfaces;  this  initial  reaction  was fol- 
lowed by an irreversible  fixation  of the phage. Although Stent and Wollman 646  UPTAKE  OF RADIOCOLLOIDS BY MACROPHAGES 
(1952)  offer  alternative  explanations  for  similar  phage  data,  the  two-step 
nature  of  this  interaction parallels  the  adsorption  and  ingestion  phases  of 
colloidal gold. Essentially all kinetic studies of phage and bacteria have been 
limited  to  the  initial  adsorption  reaction,  whereas  in  the  current  program 
with gold only rates of ingestion have been analyzed.  9 By appropriate experi- 
mental design, these deficiencies may be correctable. For example, in contrast 
to  gold  and  macrophages,  the  interaction  of phage  and  bacteria  has  been 
studied  kinetically only when the bacterial cells far outnumbered virus par- 
ticles (Puck et al.,  1951); saturation of the bacterial cell surface by adsorbed 
virus  cannot  be anticipated under  these conditions  (Straus and  Goldstein's 
zone C), although it is known that a cell can be parasitized simultaneously, by 
several virus particles.  Even with a  more favorable  concentration  ratio be- 
tween phage and bacterium,  saturation  of the bacterial surface may be un- 
attainable for other reasons, notably the rapidity of the "ingestion reaction" 
relative to  the  diffusion-limited rate  of adsorption.  With  T-4 phage and  E. 
coli  at  15°C.,  Stent and Wollman  (1952)  estimate  that  the  surface reaction 
remains reversible for only 15 seconds (half-life), in contrast to several minutes 
noted  here  with  macrophages  and  gold.  Even  a  pseudo-saturation  of  the 
bacterial surface,  comparable  to  the  quasi-equilibrium  noted  in  the  current 
study, may not be attainable before the bacterium has been damaged by its 
viral infection. Further studies with high concentrations of phage are neces- 
sary  to  establish  the  kinetic relationship postulated here.  Even if a  kinetic 
parallelism can be demonstrated, there is no evidence that viral parasitism and 
ultraphagocytosis are mechanistically equivalent. 
S't~n~C~RY 
Macrophages isolated from the rabbit peritoneal cavity extract radioactive 
colloidal  gold  from solutions  in  vitro.  This  reaction  (ultraphagocytosis)  in- 
volves two phases: the reversible adsorption of gold on the cell surface and 
the  subsequent  irreversible  removal  of  surface-bound  colloid  into  the  cell. 
The latter  process  (called ingestion)  appears  to  proceed at  a  rate  which  is 
proportional at any moment to the amount of gold attached to the cell surface; 
9 Because rates of uptake of gold were not analyzed until attainment of a steady 
state on the cell surface  and because concentration gradients could not be demon- 
strated in extraceUular fluid, it is improbable  that the rate of adsorption was ever a 
limitation in the present data. To clarify the question  of extracellular  concentration 
gradients, a series of cell concentrations  was studied (unpublished  data). As long as 
the cell concentration was below 11  ×  lOe/ml., it proved to be unnecessary to agi- 
tate the suspension,---even  during long periods  of incubation in watch-glasses  (see 
Methods). Higher cell densities were permissible with shorter incubation periods, but 
rates of uptake eventually became diffusion-limited in concentrated cell suspensions. 
No kinetic data known to be diffusion-limlted have been analyzed in this report. ROBERT  E.  GOSSELIN  647 
the latter  in turn can be related  to the concentration in extracellular  fluid  by 
a simple adsorption isotherm. In terms of rate, therefore,  ingestion  is related 
to the extracellular  gold concentration in the same  way that many enzyme 
reactions  are related  to the substrate concentration. Although enzyme kinetics 
arc useful in describing rates of ultraphagocytosis, there is no evidence that 
enzymes participate  in either  adsorption or ingestion  or that metabolic energy 
is required of the macrophage. Exudative leucocytes of the heterophilic  series 
show little  or no interaction  with these  finely  dispersed gold sols  (mean particle 
diameter 6 to 9 miUimicrons). 
At 37°C. three  parameters are sufficient  to characterize  the reaction  between 
gold and a suspension of macrophages, namely an a~nity constant (I/K,), 
an adsorption maximum  (L),  and a rate  constant of ingestion (ks).  Although 
numerical values differed  markedly among cells  of different  exudates, all three 
parameters were estimated in three instances. In these suspensions between 
2 and 20 per cent of the surface-bound gold was ingested each minute (37°C., 
pll 7.4).  Under conditions of surface  saturation,  it was estimated that tens  of 
thousands of gold particles  were attached to the surface  of an average macro- 
phage; this  amount of colloid,  however, occupied less  than I per cent of the 
geometric area of the cell  surface. Although surface saturation imposed an 
upper limit  on the rate of ingestion,  no practical  limit  was noted in the ca- 
pacity of macrophages to continue the reaction.  Optical measurements imply 
that within the cell  agglutination of colloidal  gold began promptly after its 
ingestion. 
These data are compared with published kinetic studies  on the phagocytosis 
of microscopic particulates  and on the parasitism of  bacteria  by virus. 
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